Key Points {#FPar1}
==========

Status epilepticus is a dynamic state with receptor trafficking potentially contributing to increased benzodiazepine resistance and further hyperexcitability over time.Early initial benzodiazepine application of the recommended dose with quick escalation to second-line non-benzodiazepine anti-seizure medication is recommended.Rational and early polytherapy by utilizing synergism between anti-seizure medications based on their pharmacokinetic and pharmacodynamic properties is a potential therapeutic target for future studies.

Introduction: Incidence and Definitions {#Sec1}
=======================================

Convulsive status epilepticus (CSE) is one of the most common pediatric neurological emergencies with an incidence of 17--23 episodes per 100,000 children per year \[[@CR1]\]. CSE incidence is higher in children than adults, though the mortality attributed to CSE is lower in children. Increasing age was found to be a significant predictor of mortality, and etiology is the main determinant of long-term outcome \[[@CR2], [@CR3]\]. The classic definition described CSE as "a single clinical seizure lasting at least 30 min or repeated seizures over a period of more than 30 min without recovery of consciousness" \[[@CR4]--[@CR7]\]. This definition and the treatment guidelines have been subsequently revised due to advances in the understanding of CSE over the past decades. CSE is a dynamic state, and increased pharmacoresistance may at least partly be related to rapid internalization of gamma-aminobutyric acid (GABA~A~) receptors with ongoing seizure activity leading to progressive impairment of GABA-mediated inhibition \[[@CR8], [@CR9]\]. Untreated or inadequately treated CSE may lead to ongoing convulsive seizures and progressive changes in electro-encephalography (EEG) patterns, conversion of overt to subtle, or even absent motor activity, increasing refractoriness to treatment, and potentially neuronal injury and cell death \[[@CR10], [@CR11]\]. Hence, several societies now recognize CSE within or after 5 min of seizure activity \[[@CR11]--[@CR13]\]. Specifically, a 2015 report by the International League Against Epilepsy (ILAE) described an operational definition that proposed that treatment of CSE may ideally be initiated at around 5 min because at this time point successive failure of the mechanisms responsible for seizure termination and initiation of hyperexcitability mechanisms may become more prominent, leading to prolonged seizures \[[@CR14]\]. Revised understanding of CSE has led to development of guidelines proposing rapid initiation and escalation of treatment. The 2016 evidence-based American Epilepsy Society (AES) guideline and the 2010 ILAE consensus report recommend treatment initiation *at* 5 min of CSE while the 2012 Neurocritical Care Society (NCS) consensus guideline recommends initiation of first-line treatment *within* 5 min of seizure onset \[[@CR11], [@CR13], [@CR14]\].

Variability in Treatment Protocols {#Sec2}
----------------------------------

Despite the recognition of CSE as a neurologic emergency, and despite the availability of evidence-based guidelines for its management, implementation of these findings into clinical practice has been lagging, and there continue to be disputes regarding the goals of therapy and pharmacologic treatment of infants and children with CSE \[[@CR13], [@CR15], [@CR16]\]. A recent study assessed the differences between the recent AES guideline and current SE practice pathways used at ten hospitals in the US and found that one hospital pathway matched the timeline while nine pathways recommended more rapid timings \[[@CR17]\]. Most prominent treatment variations involve timing of treatment, anti-seizure medication (ASM) dosages, and application of more than two benzodiazepine (BZD) doses instead of escalation of treatment to second-line therapy. A literature review on observed deviations from guidelines found that \> 30-min time to first-line treatment was present in 17--64% of patients, with the median time to first-line therapy being 30--70 min. Timing to first-line ASM was best explained by a delay in calling paramedics, and difficulty with administering rectal medication; delay to second-line therapy was attributed to inability of emergency medical services (EMS) to administer intravenous (IV) fosphenytoin; and variation in first-, second-, and third-line therapy may also be related to seizure detection and diagnostic difficulties \[[@CR18]\]. Clinical assessment of pediatric SE treatment times found that the first ASM was administered at a median time interval of 28 min and the first non-BZD ASM was administered at a median of 69 min after CSE onset \[[@CR19]\]. Furthermore, 58% of SE episodes were treated with more than two doses of BZD, and these patients were at greater risk of respiratory depression \[[@CR20]\]. Additionally, patients who receive higher than suggested BZD doses may also be at risk for increased respiratory compromise \[[@CR15]\]. Of note, in a multicenter study, 66% of refractory CSE patients received untimely first-line BZD treatment. In this study, patients who received first-line BZD later than 10 min were at greater risk for death, more likely to require continuous infusion, and had longer CSE duration compared with those who received first-line BZD within 10 min of SE onset \[[@CR21]\].

Most Recent Guidelines Proposing a Timeline-Based Algorithm {#Sec3}
-----------------------------------------------------------

The 2016 AES guideline for SE treatment proposes a timeline-based algorithm for the treatment of convulsive seizures lasting ≥ 5 min in both pediatric and adult patients. The algorithm suggests four phases: (i) stabilization phase (0--5 min) with monitoring and management of vital signs in addition to laboratory testing; (ii) first-line therapy phase (5--20 min) with administration of BZDs; (iii) second-line therapy phase (20--40 min) with administration of a non-BZD ASM when BZDs have failed; and (iv) third-line therapy phase (40--60 min), during which administration of a different second-line medication or general anesthetic drug is indicated \[[@CR13]\]. The 2012 NCS guideline suggests even earlier treatment initiation, including administration of BZD within 5 min of seizure onset followed by a rapid escalation to second-line ASM if seizures persist for longer than 10 min \[[@CR11]\].

Stabilization Phase (0--5 min) {#Sec4}
==============================

This phase focusses on stabilizing the patient by ensuring and supporting adequate circulation, airway, and breathing. Assessment and supplementation of the patient's oxygenation and blood glucose is recommended. IV access as soon as possible is crucial. Furthermore, laboratory tests may ideally be obtained at this point, including electrolytes, hematological testing, toxicology screening, and ASM levels if applicable \[[@CR13]\].

First-Line Therapy (0--10 min) {#Sec5}
==============================

Benzodiazepines remain the first line of treatment for both adult and pediatric patients presenting with CSE \[[@CR22]\]. However, the specific medication, dosage, and route of administration remain a matter of debate (Table [1](#Tab1){ref-type="table"}). BZDs work by potentiating the neuroinhibitory effects of GABA, and three of the most commonly used BZDs are lorazepam, diazepam and midazolam, which differ in their pharmacokinetics \[[@CR15]\].Table 1First- and second-line anti-seizure medications (ASMs)MedicationDose \[[@CR11], [@CR49]\]Pharmacokinetics and other considerations \[[@CR11], [@CR38], [@CR49], [@CR111]\]Mechanism of action \[[@CR49], [@CR111]\]Serious adverse effects \[[@CR11], [@CR49]\]Rational polytherapy---synergistic action tested in animal or human studies^a^BenzodiazepinesPositive allosteric modulator of GABA~A~ receptor---once bound BZD locks the GABA~A~ receptor into a conformation where GABA has higher affinity for GABA~A~ receptor. This increases the frequency of associated Cl channel opening, thus hyperpolarizing the membrane and potentiating an inhibitory effect of available GABARespiratory depression, hypotension, sedation, dizziness, weakness, unsteadiness*Animal studies:*Diazepam-ketamine-valproate: P \[[@CR100]\]Midazolam-ketamine: P \[[@CR112]\]Diazepam-perampanel: P \[[@CR113]\]Diazepam-levetiracetam: P \[[@CR114]\]Diazepam-brivaracetam: P \[[@CR115]\]*Human studies:*BZD (diazepam or clonazepam)-fosphenytoin: P \[[@CR108]\]Lorazepam vs diazepam-phenytoin combination: N \[[@CR116]\] Diazepam2--5 years: 0.5 mg/kg (rectal)6--11 years: 0.3 mg/kg (rectal)\> 12 years: 0.2 mg/kg (rectal)Max dose of 20 mgLipophilic: rapidly penetrates blood--brain barrier leading to rapid onset of action. This also leads to rapid redistribution from brain to other lipophilic tissues in the body, and therefore a short duration of action Lorazepam0.1 mg/kg IV up to 4 mg/doseMay repeat once in 5--10 minLess lipophilic than diazepam; therefore, slower onset of action and longer anticonvulsant action than diazepam Midazolam0.2 mg/kg, max dose of 10 mg (IM)0.2 mg/kg, max dose of 10 mg (IN)0.2--0.5 mg/kg, max dose of 10 mg (buccal)Short half-life after a single dose, significantly increased half-life with infusion;Renal elimination;Metabolized by cytochrome P450 (3A4 and 3A5), levels can be affected by enzyme inducing or inhibiting medicationsLevetiracetam20--60 mg/kg IV (max dose of 4500 mg)Minimal drug interactions;Not hepatically metabolized; does not affect cytochrome P450 enzymes;Good tolerability profileModulates synaptic neurotransmitter release through binding to the synaptic vesicle protein SV2A*Human studies:*Clonazepam-levetiracetam: N \[[@CR106]\]Valproate20--40 mg/kg IV (max dose of 3000 mg)Cytochrome P450 inhibitor, thus interacts with many medicationsProlongs sodium channel inactivation, attenuates calcium mediated transient currents and augments GABAHyperammonemia, acute hemorrhagic pancreatitis, hepatotoxicity, thrombocytopenia;Use with caution in patients with traumatic head injury;May be dangerous in patients with mitochondrial disease (POLG mutation)*Human studies:*Valproate-lamotrigine: P \[[@CR103], [@CR104]\]Fosphenytoin15--20 mg/kg (max dose of 1500 mg)May give additional dose of 5--10 mg/kg 10 min after loading infusionCytochrome P450 inducer with several drug--drug interactions;Especially with phenytoin, cardiac and blood pressure monitoring is needed \[[@CR117]\]Blocks voltage gated sodium channelsHypotension, bradycardia, arrythmias (sino-atrial block and atrio-ventricular block);Phenytoin should be administered slower due to risk for severe tissue necrosis after paravenous infusion*Animal studies:*Phenobarbital-phenytoin-pregabalin: P \[[@CR102]\]BZD (diazepam or clonazepam)-fosphenytoin: P \[[@CR108]\]TopiramateNo pediatric dosing establishedStart with 1 mg/kg/day divided twice a day \[[@CR118]\]No IV formulation available;Caution with topiramate-valproate combination due to risk of hyperammonemic encephalopathyEnhances GABA-mediated inhibition, inhibits Na+, K+, L-type Ca2+ channels, decrease of glutamatergic transmission, and inhibition of carbonic anhydraseMetabolic acidosis \[[@CR119]\], nephrolithiasis, anhidrosisLacosamideNo pediatric dose is established. Typically dose of 2--4 mg/kg is used \[[@CR120]\], also higher doses of 8--10 mg/kg have been used in some studies \[[@CR121]--[@CR123]\]Cardiac monitoring is needed. Minimal drug interactions, limited experience in treatment of SEEnhances slow inactivation of voltage-gated sodium channelsPR prolongation (therefore use with caution in patients with AV block, atrial fibrillation), hypotensionPhenobarbital20 mg/kg IV, may give additional boluses of 5--10 mg/kgStrong enzyme inducer, which increases the rate of metabolism of several drugsHypotension, respiratory depression*Animal studies:*Phenobarbital-phenytoin-pregabalin: P \[[@CR102]\]Diazepam-phenobarbital-scopolamine: P \[[@CR124]\]*AV* atrioventricular, *BZD* benzodiazepine, *Ca2+* calcium, *Cl* chloride, *GABA* gamma-aminobutyric acid, *IM* intramuscular, *IN* intranasal, *IV* intravenous, *K+* potassium, *POLG* DNA polymerase gamma, *SE* status epilepticus, *SV2A* synaptic vesicle glycoprotein 2A^a^*N* no additional benefit with polytherapy, *P* polytherapy had better outcomes

When Intravenous (IV) Access Has Been Established {#Sec6}
-------------------------------------------------

IV lorazepam and IV diazepam are established as efficacious at stopping seizures lasting at least 5 min \[[@CR13]\]. A randomized controlled trial (RCT) of 273 children (aged 3 months to 18 years, PECARN study) assigned children to either diazepam 0.2 mg/kg (maximum dose 8 mg) or lorazepam 0.1 mg/kg (maximum dose 4 mg) treatment, with the option to repeat half of the initial dose if seizures persisted after 5 additional minutes. There was no difference between IV diazepam (72.1%) and IV lorazepam (72.9%) in termination of CSE by 10 min, without recurrence within 30 min \[[@CR23]\]. A network meta-analysis of 16 RCTs including 1821 patients compared the efficacy of midazolam, lorazepam, and diazepam in treating pediatric CSE. This analysis concluded that non-IV midazolam and IV lorazepam were superior to IV or non-IV diazepam, and that IV lorazepam was at least as effective as non-IV midazolam in treating pediatric CSE \[[@CR24]\].

When IV Access is Not Yet Available {#Sec7}
-----------------------------------

A network meta-analysis found that intramuscular (IM) midazolam was the most efficacious non-IV medication for time to seizure termination after administration and time to initiate treatment. Additionally, in this analysis, intranasal (IN) midazolam was the most efficacious non-IV medication for seizure cessation within 10 min of administration and persistent seizure cessation for at least 1 h \[[@CR25]\]. The results of this meta-analysis propose a practice change towards wider use of IM and IN midazolam when IV access has not yet been established (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Pediatric status epilepticus treatment algorithm combining current guidelines. This approach combines the timeline-based algorithm from current guidelines by Neurocritical Care Society \[[@CR11]\], International League Against Epilepsy \[[@CR14]\], the American Epilepsy Society \[[@CR13]\], and information from institutional guidelines. See Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} for further detailed dosing recommendations. Notably, the above are recommendations that should be customized for each patient based on individual case and seizure characteristics and institutional medication availability. *ASM* Anti-seizure medication, *BZD* benzodiazepine, *EEG* electro-encephalography, *IM* intramuscular, *IN* intranasal, *IV* intravenous, *PE* phenytoin-equivalent, *POLG* DNA polymerase gamma, *SE* status epilepticus

Is IV Access for Initial Pharmacotherapy Always Needed? {#Sec8}
-------------------------------------------------------

A double-blind, randomized, non-inferiority trial (RAMPART trial) compared the efficacy of IM midazolam with that of IV lorazepam for children and adults in CSE treated by paramedics. Patients with seizures lasting more than 5 min who were seizing when paramedics arrived were randomized to either IM midazolam or IV lorazepam (*n* = 60 for each study group). Children with an estimated weight of \> 40 kg received either midazolam 10 mg IM followed by IV placebo, or IM placebo followed by lorazepam 4 mg IV. Children with estimated weights of 13--40 kg received midazolam 5 mg IM or lorazepam 2 mg IV. This study found no difference in efficacy between IM midazolam (68.3%) and IV lorazepam (71.7%), and concluded that IM midazolam is at least as safe and effective as IV lorazepam during prehospital seizure treatment \[[@CR26]\]. Of note, time to initiate treatment was shorter for children who received IM midazolam due to the faster administration time, and safety profiles were similar for both treatment options \[[@CR27]\].

A randomized open-label study enrolled 141 consecutive children aged 6--14 years who presented with ongoing seizures to the emergency room and received either IV or IN lorazepam (0.1 mg/kg, maximum 4 mg). Eighty percent of the IV group versus 83% of the IN group experienced seizure remission within 10 min of administration, concluding that IN lorazepam is not inferior to IV administration for clinical seizure cessation \[[@CR28]\].

Initial Benzodiazepine Dosing {#Sec9}
-----------------------------

Administration of the entire recommended BZD dose within a given initial treatment interval may be more efficacious, and while fractional doses may help with BZD titration, multiple smaller doses may facilitate under-dosing \[[@CR29]\]. Additionally, more than two doses is associated with side effects without a substantial increase in efficacy \[[@CR13]\]. The potency of BZDs may decrease 20-fold over 30 min of SE. This may partly be explained by receptor trafficking of the GABA~A~ receptors that move from the synaptic membrane into the cytoplasm where they are thought to be functionally inactive \[[@CR9], [@CR10]\]. This reduces the number of GABA~A~ receptors available on the synaptic surface to bind BZD, and in turn leads to the tendency of single seizures to become self-sustaining SE and a time-dependent pharmacoresistance to BZDs \[[@CR8], [@CR30]\]. Simultaneously, AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (*N*-methyl-[d]{.smallcaps}-aspartic acid) receptors increasingly move from subsynaptic sites to the synaptic membrane. This causes further hyperexcitability and may possibly explain the preserved sensitivity to NMDA blockers like ketamine late in the course of SE \[[@CR30], [@CR31]\].

According to a review of 17 studies to assess divergences from recommended guidelines, 29--61% of patients were not following guidelines regarding drug choice, dosage, or sequence. In 23--49% of pediatric patients, there were more than two administrations of BZDs rather than the recommended escalation to a second-line drug, which may be associated with greater risk of respiratory depression \[[@CR18]\]. Review of these studies shows that initial BZD dose was suboptimal in 19--68% of patients \[[@CR32], [@CR33]\]. Irrespective of initial BZD dose, respiratory depression after more than two doses of BZD was reported in the North London CSE in Childhood Surveillance Study \[[@CR34]\]. In a retrospective cohort study that analyzed 126 SE events, guideline deviation was associated with more than 2-fold increased risk of intubation (relative risk 2.4) and 1.5-fold increased risk of admission to the ICU (relative risk 1.65) \[[@CR32]\]. Patients who received higher than suggested BZD doses had increased respiratory compromise \[[@CR15]\]. In a study that evaluated 47 admissions with CSE to a tertiary pediatric hospital, the risk of respiratory compromise was as high as 43% when pediatric patients received more than two doses of BZDs compared with 13% when they received two or fewer doses. In this study, administration of a third dose of BZD resulted in seizure termination in only 13% of patients (3/23) \[[@CR35]\].

Second-Line Therapy (Established Status Epilepticus \[SE\]) {#Sec10}
===========================================================

According to the AES guideline, administration of a non-BZD ASM is indicated when initial BZD treatment has failed, and the seizure duration reaches 20 min, though other guidelines argue that initiation of second-line therapy should occur sooner, ideally after 10 min of seizure onset \[[@CR11], [@CR13], [@CR16]\]. This SE phase is also known as established SE and is seen in approximately 40% of patients with generalized CSE \[[@CR12]\]. Failure of initial treatment has been described as continuous ongoing convulsions or intermittent seizures without regaining consciousness between seizures \[[@CR36]\]. Recommended drugs include valproate, fosphenytoin, or levetiracetam, but at this point there is no clear evidence that any one of these options is better than the others \[[@CR13]\] (Table [1](#Tab1){ref-type="table"}). Phenobarbital may also be a reasonable second-line alternative, in particular if none of the above drugs are readily available. A recent meta-analysis reviewed evidence relating to the efficacy of lacosamide, levetiracetam, valproate, phenytoin, and phenobarbital in the treatment of BZD-resistant SE. The mean efficacy (cessation of seizure activity) in this meta-analysis was highest for valproate at 75.7%, followed by phenobarbital (73.6%), levetiracetam (68.5%), and lowest for phenytoin (50.2%). There was insufficient evidence regarding lacosamide usage, especially in pediatric SE \[[@CR37]\]. The number of IV soluble ASM continues to grow with several recent additions; however, evidence regarding the use of IV brivaracetam or carbamazepine for pediatric status epilepticus is lacking \[[@CR36], [@CR38]\].

In a retrospective review of pediatric patients (aged 1 month to 19 years) treated with valproate for SE or acute repetitive seizures, a loading dose of 25 mg/kg was successful in seizure termination for 100% of SE patients and 95% of patients with acute repetitive seizures \[[@CR39]\]. In an RCT comparing efficacy of valproate and phenobarbital in 60 children with CSE and acute prolonged seizures, 20 mg/kg valproate was successful in termination of all convulsive activity within 20 min in 90% of patients as compared with 20 mg/kg of phenobarbital, which led to seizure termination in 77% of the patients (*p* = 0.189). However, more patients in the phenobarbital group experienced clinically significant adverse effects (74%) as compared with the valproate group (24%, *p* \< 0.001). The adverse effects experienced by the patients who received phenobarbital included lethargy (17/30), vomiting (4/30), and respiratory depression (1/30) \[[@CR40]\]. Despite high efficacy of valproic acid, caution may be warranted in patients with POLG1 mutations due to reports of acute liver failure in these patients after valproate exposure \[[@CR41]\]. An RCT in 150 patients aged 15--65 years compared the efficacy of treatment with IV lorazepam (0.1 mg/kg) followed by one of the three non-BZD ASMs: phenytoin (20 mg/kg), valproate (30 mg/kg), or levetiracetam (25 mg/kg). Those who remained uncontrolled with the first non-BZD ASM received the other two sequentially. The study found no statistically significant difference between the subgroups (*p* = 0.44). With the sequential treatment model, lorazepam and first, second, and third non-BZD ASM controlled seizures in 71%, 87%, and 92% of patients, respectively \[[@CR42]\].

Due to lack of clear evidence favoring a particular second-line agent, several clinical trials have recently been conducted to identify optimal second-line therapy for BZD-resistant SE. The levetiracetam versus phenytoin for second-line treatment of pediatric convulsive status epilepticus (EcLIPSE) was an open-label, randomized trial comparing 40 mg/kg of levetiracetam over 5 min versus 20 mg/kg of phenytoin given over 20 min as the second-line agent in CSE in 286 children. While not found to be significantly superior, levetiracetam was associated with higher (70% vs 64%) and faster rates (mean 35 vs 45 min) of seizure termination compared with phenytoin. One participant receiving phenytoin experienced a serious adverse event. The authors conclude that levetiracetam may serve as an alternative for first-choice in second-line pediatric CSE treatment \[[@CR43]\].

Similarly, in the levetiracetam versus phenytoin for second-line treatment of convulsive status epilepticus in children (ConSEPT) trial in New Zealand and Australia, levetiracetam was also found not to be superior to phenytoin, but with a treatment trend in the opposite direction compared with the EcLIPSE trial. ConSEPT randomized 233 children to receive 40 mg/kg of levetiracetam over 5 min or 20 mg/kg of phenytoin over 20 min. Seizure cessation within 5 min of infusion end was 60% in the phenytoin arm versus 50% after treatment with levetiracetam. There was one death in the phenytoin arm not clearly attributable to the drug \[[@CR44]\].

Thus, levetiracetam is not superior to phenytoin, with overall similar side effect rates, and medication choice may be informed by individual patient characteristics and center availability. Results of the ESETT (Established Status Epilepticus Treatment Trial) have been released at the time of writing: ESETT randomized patients \> 2 years of age to fosphenytoin 20 mg/kg, valproate 40 mg/kg, and levetiracetam 60 mg/kg \[[@CR22]\]. Primary endpoint was absence of clinically evident seizures and improved responsiveness at 60 min. No significant difference regarding efficacy or safety were seen, including similar response to levetiracetam (47%), fosphenytoin (45%), and valproic acid (46%) \[[@CR138]\]. These results corroborate further, that there are no major differences between these three medications during the second line therapy phase.

Third-Line Therapy Phase (40--60 min, Refractory and Super-Refractory SE) {#Sec11}
=========================================================================

When patients continue to have persistent seizure activity after second-line treatment, SE is often considered refractory, with reported mortality of 16--43.5% \[[@CR45]--[@CR47]\], though some recent case series also report lower mortality of 17% \[[@CR48]\] in pediatric patients. Refractory SE (RSE) is seen in 23--44% of patients with CSE and there is no clear evidence to direct therapy in this phase \[[@CR13], [@CR49]\]. Pharmacotherapy includes additional boluses of second-line medications (e.g., fosphenytoin, levetiracetam, valproate, and phenobarbital, among others) and consideration of medically induced coma with IV continuous infusions of anesthetic agents (e.g., midazolam, propofol, barbiturates) with critical care treatment and EEG monitoring \[[@CR50]\] (see Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}). Some patients benefit from further second-line ASM boluses while others require quick infusions, and no clear patient characteristics exist at this point that can guide therapy selection between these two choices.Table 2Medications used for refractory status epilepticus (RSE)MedicationLoading dose (rate of administration)\
CI maintenance dose and rate\
Breakthrough SE management \[[@CR11], [@CR50], [@CR51], [@CR125], [@CR126]\]Pharmacokinetics and other considerations \[[@CR51], [@CR125]\]Mechanism of action \[[@CR51], [@CR125]\]Serious adverse effects \[[@CR50], [@CR51], [@CR125]\]Rational polytherapy---synergistic action tested in animal or human studies^a^MidazolamLoading: 0.2 mg/kg (2 mg/min infusion)CI: 0.05--2 mg/kg/hBreakthrough SE: 0.1--0.2 mg/kg bolus, titrate rate with EEG in steps of 0.05--0.1 mg/kg/h in time intervals as clinically indicatedTachyphylaxis with prolonged infusion, may necessitate progressively higher doses;Active metabolite is renally eliminated;CYP 3A4 substratePositive allosteric modulator of GABA~A~ receptor; therefore, increases frequency of Cl channel openingHypotension, respiratory depression (requires intubation)*Animal study:*Midazolam-ketamine: P \[[@CR112]\]PentobarbitalLoading: 5 mg/kg (≤ 50 mg/min)CI: 0.5--5 mg/kg/hBreakthrough SE: 5 mg/kg bolus, titrate rate with EEG in steps of 0.5--1 mg/kg/h in time intervals as clinically indicatedCYP 2A6 enzyme inducer;Can exacerbate porphyria;Drug accumulation with prolonged useActivation of GABA receptors increase mean CI channel opening duration, inhibition of NMDA receptors, alteration in conductance of Cl−, K+, Ca2+ ion channelsHypotension, respiratory depression (requires intubation), paralytic ileus, cardiac depressionThiopentalLoading: 2--7 mg/kg (≤ 50 mg/min)CI: 0.5--5 mg/kg/hBreakthrough SE: 1--2 mg/kg bolus titrate in steps of 0.5--1 mg/kg/h as clinically indicated with EEGNon-linear metabolism; long half-life, ranging from 11 to 36 h;Autoinduction of its metabolism (takes days to occur);Several drug interactionsSame as pentobarbitalHypotension, respiratory depression (requires intubation), cardiac depressionKetamineLoading: 1--3 mg/kg every 3--5 min until seizures stop \[[@CR49], [@CR55]\]CI: 10--100 µg/kg/minBreakthrough SE: 1--2 mg/kg bolus with titration in steps of 5--10 µg/kg/min with EEG as clinically indicated up to a maximum of 100 µg/kg/min \[[@CR55]\]High lipid solubility--fast onset, extensive distribution;Elimination half-life is 2--3 h;Metabolized by cytochrome P450 system (CYP3A4) into norketamine (active metabolite);Acts as an enzyme inducer and inhibitor (CYP2C9)Noncompetitive NMDA glutamate receptor antagonist that reduces neuronal excitabilityInduces positive sympathetic response sometimes leading to drug-induced hypertension, possible increased intracranial pressure, hypersalivation. Agitation, confusion, psychosis may be observed after ketamine is stopped*Animal studies:*Diazepam-ketamine-valproate: P \[[@CR100]\]Ketamine-brivaracetam: P \[[@CR127]\]*Human study:*Propofol-ketamine: P \[[@CR128]\]*Ongoing human study:* Ketamine-midazolam \[[@CR55]\]PropofolLoading: 1--2 mg/kg, repeat if necessaryCI: 20--200 µg/kg/min, caution with doses \> 65 µg/kg/minBreakthrough SE: increase CI by 5--10 µg/kg/min stepwise with EEG as clinically indicatedWhile propofol is sometimes used for short durations in pediatric CSE, there exists a relative contraindication in children and mitochondrial disorders or hypertriglyceridemia, as it may cause propofol infusion syndrome (PRIS), which is associated with a high mortality rateChloride channel conductance, enhances GABA~A~ receptorPRIS, hypotension, cardiac depression, respiratory depression, reduces intracranial pressure*Human study:*Propofol-ketamine: P \[[@CR128]\]IV methylprednisolone30 mg/kg/dose once daily (max 1000 mg) for 3--5 daysConcomitant use with ketogenic diet may result in difficulty obtaining or loss of ketosis; use with proton-pump inhibitor or H~2~ antagonist to prevent gastritisDecreases effects of pro-inflammatory cytokines and immune cells, improves blood--brain barrier integrity \[[@CR129]\]Immunosuppression/infections, irritability/psychiatric disturbance, insomnia, hyperglycemia/electrolyte disturbance, hypertension, bradycardia; osteoporosis, weight gain, and adrenal suppression may occur with long-term use \[[@CR130]\]IV immunoglobulin (IVIg)1000 mg/kg/dose once daily for 2 days or 400 mg/kg/dose once daily for 3--5 daysAnaphylaxis may occur in patients with antibodies to Immunoglobulin A (IgA)Decreases cytokines via alteration of immunoglobulin receptors; decreases effects of complement-mediated cascades \[[@CR131], [@CR132]\]Black box warnings include acute renal failure and thrombotic events; other side effects include headache/aseptic meningitis, infusion/hypersensitivity reactions, and rarely transfusion-related acute lung injury \[[@CR132], [@CR133]\]Plasmapheresis5 exchanges typically occurring every other dayUse with direction by transfusion medicine physicianRemoves immune proteins, such as antibodiesElectrolyte disturbance, coagulopathy, transfusion-related acute lung injury, catheter-associated complications, infection \[[@CR134], [@CR135]\]AnakinraDose in refractory status epilepticus not well establishedIL-1 receptor antagonistImmunosuppression/infections, neutropenia, hepatitis, malignancy \[[@CR136]\]TocilizumabDose in refractory status epilepticus not well establishedIL-6 receptor antagonistImmunosuppression/infections, neutropenia, hepatitis, malignancy, hyperlipidemia \[[@CR137]\]*Ca2+* calcium, *CI* continuous infusion, *Cl* chloride, *CSE* convulsive status epilepticus, *CYP* cytochromes P450, *EEG* electro-encephalography, *GABA* gamma-aminobutyric acid, *Ig* immunoglobulin, *IL* interleukin, *IV* intravenous, *IVIg* intravenous immunoglobulin, *K+* potassium, *NMDA N*-methyl-[d]{.smallcaps}-aspartate, *SE* status epilepticus^a^*N* no additional benefit with polytherapy, *P* polytherapy had better outcomes

Due to lack of evidence to support a standardized regimen for the intensity and duration of therapy in this phase, treatment is guided by continuous EEG with the goal to titrate continuous infusions until electrographic seizure cessation, or until burst suppression is achieved. Burst suppression or electrographic seizure cessation is typically maintained for at least 24--48 h before gradual withdrawal of the continuous infusion agents \[[@CR11], [@CR50]\]. If there is recurrence of RSE during the weaning period or when SE persists for 24 h or more after administration of anesthesia, patients are said to be in super-refractory SE (super-RSE). At this point, further trials of continuous infusion(s) and the addition of loading oral ASMs not available in IV formulations until seizure cessation or burst suppression is re-attained for an additional 24--48 h may be helpful. There is a paucity of data describing speed of titration and 'number of trials' or cycles of serial anesthetic therapy after which pharmacotherapy is considered futile for electrographic seizure control \[[@CR11], [@CR51]\].

Midazolam, which enhances the action of GABA on the GABA~A~ receptors, is preferred because it is fast-acting and has a short duration of action. In a study of 27 children with RSE, 0.2 mg/kg of midazolam was given as a bolus dose followed by 1--5 µg/kg/min of continuous midazolam infusion. In this study, complete seizure cessation was achieved in 96% of children within 65 min, and adverse effects of hypotension and bradycardia were not present during midazolam infusion \[[@CR52]\].

Another 2-year prospective observational study that evaluated RSE patients aged 1 month to 21 years found that up to four 'cycles' of serial anesthetic therapy were needed. In patients who did not respond to midazolam alone, a second agent was used after a median of 1 day, which led to seizure termination in up to 94% of total RSE patients. In this study, the most frequently used first-line anesthetic agent was midazolam (78%) followed by pentobarbital use as a second-line agent after midazolam failure (82%) \[[@CR53]\]. Pentobarbital also acts by activation of GABA receptors but additionally inhibits NMDA receptors and alters conduction in several ion channels. In a study of 23 children with RSE, pentobarbital was given as a loading dose of 5 mg/kg followed by a maintenance infusion of 1--3 mg/kg/h. In this case series, 52% of patients had seizure cessation with pentobarbital, 22% relapsed after pentobarbital was discontinued, and 26% were unresponsive to pentobarbital therapy. Among the relapsed and non-responder groups, there was 90.9% mortality. Among the survivors, 61.5% developed permanent neurologic sequelae \[[@CR47]\].

Another upcoming therapy for RSE is ketamine, which acts as a noncompetitive antagonist of the NMDA receptor and decreases glutamate-mediated neurotoxicity. A multicenter retrospective review representing 60 episodes of RSE found that ketamine may have led to permanent SE control in 32% of patients. This included 12% in which ketamine was the last ASM to be introduced \[[@CR54]\]. A multicenter, randomized, controlled, sequentially designed study is planned to assess the efficacy of ketamine in the treatment of RSE in children aged 1 month to 18 years of age (KETASER01). This study will randomize patients to either a control arm receiving 12 µg/kg/min of midazolam or an experimental arm receiving 100 µg/kg/min of ketamine \[[@CR55]\].

As a last resort, inhalational anesthesia has been tried for RSE treatment, with isoflurane being the most commonly used agent in children. Two clinical series, one involving five children and another with two children, have demonstrated that isoflurane led to seizure cessation in 100% of patients \[[@CR56], [@CR57]\]. A systematic review that identified 18 pediatric patients treated with modern inhalational anesthetics found 94% seizure control with this treatment \[[@CR58]\]. However, the effect of the inhalational anesthetics is transient with high risk for relapse. These are therefore considered a temporary measure while exploring additional therapeutic options and awaiting diagnostic testing for etiology of SE \[[@CR56], [@CR58]\].

Other Therapeutic Options Including Experimental Therapy {#Sec12}
========================================================

Immunomodulatory Therapies {#Sec13}
--------------------------

There has been a growing interest over the last decade in the role of inflammation in epilepsy, specifically in epileptogenesis. Seizures in the setting of autoimmune encephalitis are becoming increasingly recognized, and those with cell surface anti-neuronal antibodies (e.g., NMDA, leucine-rich glioma-inactivated 1 \[LGI1\], GABA~A~) tend to be immunotherapy-responsive \[[@CR59], [@CR60]\]. Additionally, animal models have demonstrated seizure generation and propagation via several other pro-inflammatory pathways, such as interleukin-1 β (IL-1β), and evidence of similar inflammatory modulators has been seen in the human brain \[[@CR61]\]. Current paradigms suggest that an initial injury triggers epileptogenic inflammatory cascades, with seizures themselves further activating this pathway in a self-propagating cycle as seen in RSE \[[@CR61]\].

Case series suggest some efficacy of broad-spectrum immunotherapy treatments in super-RSE, including IV steroids, IV immunoglobulin (IVIg), and plasmapheresis. In general, however, these first-line immunotherapies have relatively low response rates. When considering new-onset refractory status epilepticus (NORSE), a better response has been reported in cryptogenic NORSE (30--40%) when compared with febrile infection-related epilepsy syndrome (FIRES) (5--17%), a subcategory of NORSE with preceding fever \[[@CR62]\]. Additionally, a systematic review of 37 children with RSE who received plasmapheresis found that 24% (9/37) of patients responded to plasmapheresis; seven (19%) with seizure resolution and two (5%) with partial reduction. However, given that a minority of patients responded, it was concluded that plasmapheresis incurs little to no benefit in RSE \[[@CR63]\].

Considering more targeted neurosteroids, animal models showed that an analog of allopregnanolone, a positive allosteric modulator of GABA~A~, was effective in seizure cessation, even in the setting of BZD resistance \[[@CR64]\]. Subsequently, allopregnanolone was successfully used in humans with super-RSE, including two children who could be weaned from anesthetic infusions \[[@CR65]\]. This led to a phase I/II open-label trial of brexanolone, an aqueous formulation of allopregnanolone, which had promising results, allowing 70% of patients to be weaned from anesthetic infusions \[[@CR66]\]. However, a press release revealed that the primary endpoint of the stage III trial (weaning from third-line infusions) was not statistically different between brexanolone versus placebo \[[@CR67]\].

Immunotherapy targeting specific cytokines or inflammatory mediators in an etiology-specific manner may be helpful, as is being pursued in FIRES. As above, FIRES is a syndrome marked by super-RSE that onsets in previously healthy school-aged children, and tends to be refractory to broad spectrum, first-line immunotherapies \[[@CR62], [@CR68]\]. Again stemming from animal models, interleukin-1 β (IL-1β) has been shown to increase in the setting of seizures or infectious triggers, and an IL-1 receptor antagonist, anakinra, terminated seizures and prevented their recurrence in a rodent model \[[@CR69]\]. Translating from this, anakinra was trialed in a pediatric patient with FIRES, resulting in seizure cessation and normalized levels of two pro-inflammatory cytokines \[[@CR70]\]. The initial case is promising, but further experience with controlled trials is needed. Additionally, an IL-6 receptor antagonist, tocilizumab, was successful in CSE termination in a small series of adults with NORSE, albeit with serious infection in 2 patients, and further trials and use in children may offer another novel therapy \[[@CR71]\].

Some authors suggest that a trial of high-dose steroids can be considered even in the absence of a primary autoimmune/inflammatory etiology for SE. Multiple time points in RSE management have been considered without a clear consensus regarding the best point for a steroid trial. Once a steroid trial is initiated and it is ineffective within 2--3 days, IVIg or plasma exchange may be considered. If there is cessation of SE, ongoing immunotherapy may be considered depending on the clinical scenario and underlying etiology \[[@CR49], [@CR51], [@CR72]--[@CR75]\]. While steroids and immunotherapy may be considered a last resort treatment option, we usually reserve this approach for patients with suggestions of an underlying inflammatory or autoimmune etiology.

Ketogenic Diet {#Sec14}
--------------

Ketogenic diet is a high-fat, low-carbohydrate, adequate protein diet that mimics the fasting state, induces ketosis, and has been shown to have therapeutic benefit in some patients with intractable epilepsy. A recent pediatric study described 14 patients (median age of 4.7 years) who were started on a ketogenic diet after a median of 13 days following the onset of RSE. Most of these patients received the diet at a 4:1 ratio, reaching ketosis within a median of 2 days and electrographic seizure cessation within 7 days in 71% of patients. Additionally, 79% of patients could be weaned off continuous infusions within 2 weeks of starting a ketogenic diet \[[@CR76]\]. In another pediatric case series, ketogenic diet led to resolution of super-RSE in nine of ten patients in a median of 7 days after diet initiation. In this study, eight of nine patients could be weaned off anesthesia within 1 day of achieving ketonuria \[[@CR77]\]. The diet was found to be effective in 19/35 patients with FIRES in a recent review, perhaps at least in part due to the diet's anti-inflammatory effects through the IL-1β pathway \[[@CR62], [@CR78]\].

Therapeutic Hypothermia and Other Non-Pharmacologic Therapies {#Sec15}
-------------------------------------------------------------

Animal studies have demonstrated that therapeutic hypothermia has neuroprotective and antiepileptic properties. In a rat model of SE, deep hypothermia (20 °C) of 30 min duration terminated RSE within 12 min of initiation of hypothermia and eliminated SE-induced neuronal injury in most animals \[[@CR79]\]. A case series of five children with RSE who were treated with mild hypothermia (32--35 °C) demonstrated reduction in seizure burden during and after hypothermia treatment without relapse after hypothermia \[[@CR80]\]. In a recent multicenter RCT assessing the efficacy of therapeutic hypothermia (HIBERNATUS trial), 270 patients older than 18 years who were receiving mechanical ventilation for SE were enrolled. In this study, the rate of progression to EEG-confirmed SE on the first day was lower in the hypothermia group than in the control group (*p* = 0.009), but this was not associated with significantly better 90-day outcomes than standard care alone. The study also found more frequent adverse events in the hypothermia group (85%) than in the control group (77%) \[[@CR81]\]. Another adult study recently described successful treatment of refractory nonconvulsive SE with therapeutic hypothermia \[[@CR82]\].

There is also anecdotal evidence that other adjunctive non-pharmacological treatments including epilepsy surgery, vagus nerve stimulation, responsive neurostimulation, and electroconvulsive therapy lead to cessation of RSE \[[@CR83]--[@CR87]\].

Neonatal SE {#Sec16}
===========

Neonatal seizures pose unique challenges in both diagnosis and treatment \[[@CR88]\]. The NCS 2012 and ILAE 2015 definitions mentioned in this article do not apply to neonates \< 30 days of age, where neonatal SE is defined to occur when the summed duration of seizures comprises more than 50% of an arbitrarily defined 1-h epoch \[[@CR89]\]. Among neonates with electrographic seizures, up to 43% have seizure burden high enough to be classified as electrographic SE \[[@CR90]\]. Electromechanical dissociation occurs more frequently in neonatal seizures, with 80--90% of electrographic seizures being EEG-only seizures without a clinical correlate \[[@CR88], [@CR91]\]. The majority of neonatal seizures are provoked, typically caused by hypoxic ischemia, infection, trauma, stroke, or metabolic disturbances \[[@CR92]\]. Additionally, animal studies have shown that GABAergic drugs can have excitatory effects and aggravate seizures, which may explain why conventional ASMs are relatively ineffective \[[@CR93], [@CR94]\]. Despite this, levetiracetam and phenobarbital remain the preferred drugs of choice for acute treatment of neonatal seizures, with second-line treatment being phenytoin, topiramate \[[@CR95]\], as well as midazolam infusions. In animal models of neonatal hypoxia-induced seizures, bumetanide (NKCC1 inhibitor) in combination with phenobarbital was significantly more effective than phenobarbital alone \[[@CR96]\]. However, bumetanide failed to treat acute seizures in newborn babies and was found to be associated with hearing loss in an open-label European trial \[[@CR97]\]. A double-blind RCT on bumetanide for refractory neonatal seizures with dose-escalation design (ClinicalTrials.gov identifier NCT00830531) has recently completed enrollment and results of this study are awaited \[[@CR98]\].

Synergistic Pharmacotherapy and Future Directions {#Sec17}
=================================================

Pharmacokinetic interactions of ASMs include changes in absorption, metabolism, protein binding, and excretion in the presence of other ASMs. Such interactions can impact efficacy as well as increase the risk of side effects. Utilizing medications targeting different mechanisms of epileptogenesis to achieve synergistic polytherapy has been studied in animals and humans \[[@CR99]\]. Combining ASMs rationally requires a deep understanding of their pharmacology, particularly of the mechanisms of action and how these may become altered during SE (Table [1](#Tab1){ref-type="table"}).

For instance, there is an increasing body of evidence supporting a time-dependent development of pharmacoresistance to BZDs \[[@CR30]\]. This can be understood when reviewing the receptor trafficking during SE as synaptic GABA~A~ receptors have been shown to become internalized and inactive during SE. On the other hand, spare NMDA receptors assemble, move to the membrane, and become synaptically active \[[@CR31]\]. A delay in the treatment of SE leads to reduction in the number of available synaptic GABA~A~ receptors for the binding of GABA~A~ agonist drugs, thus explaining the BZD pharmacoresistance. A recent study evaluating synergistic effects treated an animal SE model with a combination of low-dose diazepam (to stimulate the remaining GABA~A~ receptors), ketamine (to mitigate the effect of the NMDA receptor increase), and valproate (to enhance inhibition at a non-BZD site). The diazepam-ketamine-valproate combination was shown to act synergistically and was far more effective in stopping SE than triple-dose monotherapy using the same individual drugs. Drug toxicity was shown to be simply additive \[[@CR100]\]. Another animal study reported a pronounced synergistic anticonvulsant effect when combining perampanel (noncompetitive α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid \[AMPA\] receptor antagonist) with zonisamide (modulates voltage-sensitive sodium channels and T-type calcium currents) to treat partial-onset seizures \[[@CR101]\]. Additionally, the combination of phenobarbital, phenytoin, and pregabalin (in a ratio of 1:1:1) demonstrated synergistic interaction (at *p* \< 0.01) in a mouse model of tonic-clonic seizures \[[@CR102]\].

Even though several drug combinations have been tried in human studies, synergy has been best demonstrated between valproate and lamotrigine polytherapy. A European study was done to assess the efficacy of switching to lamotrigine monotherapy in patients receiving other ASMs (carbamazepine, phenobarbital, phenytoin, or valproate). When analyzing patients during the combination polytherapy phase, the valproate and lamotrigine combination was significantly more effective than the others \[[@CR103]\]. This synergy was again demonstrated in another small trial, where patients who failed to respond to monotherapy of valproate and lamotrigine were found to respond to a combination of these two ASMs, even with lower serum levels of lamotrigine \[[@CR104]\].

Another study reviewed a novel approach to early polytherapy by combining a first-line treatment (BZD) with a second-line treatment, thus giving polytherapy as an initial CSE treatment in the pre-hospital setting to provide a more effective and rapid treatment \[[@CR105]\]. This randomized, double-blind superiority trial evaluated the efficacy of adding IV levetiracetam (2.5 g) to IV clonazepam (1 mg). This trial suggested that the addition of levetiracetam to clonazepam treatment had no advantage over clonazepam treatment alone in the control of CSE before admission to hospital \[[@CR106], [@CR107]\]. An adult observational prospective study found that administering a combination of BZD (diazepam or clonazepam) with fosphenytoin as first-line treatment leads to a higher rate of SE termination \[[@CR108]\]. Though the latest guidelines recommend initial BZD monotherapy with rapid escalation to second-line agents, early polytherapy continues to gain interest as a potential target for investigation \[[@CR38], [@CR105], [@CR109]\].

Conclusions {#Sec18}
===========

CSE is now being increasingly recognized as a dynamic state with progressive BZD pharmacoresistance due to trafficking of neurotransmitter receptors. This has led to revision of definitions and guidelines to emphasize earlier treatment and rapid escalation to second-line long-acting ASMs. BZDs are established as the most effective first-line therapy, but there is no clear evidence that any one of the second-line ASMs is better than the others. Results of the ConSEPT and EcLiPSE trials suggest that levetiracetam is not superior to phenytoin, with at times a less severe side effect profile during levetiracetam treatment. ESETT study also found no major differences between levetiracetam, fosphenytoin and valproic acid when used during the second line therapy phase. Medication choice among second-line agents may therefore also be informed by individual patient characteristics and center availability \[[@CR22]\], among other considerations. There continues to be a paucity of evidence guiding treatment for RSE and super-RSE though adjunctive and non-pharmacological therapies are actively being studied. Consideration of rational and early polytherapy based on synergism between ASMs while considering the pharmacodynamic or pharmacokinetic side effects is a potential therapeutic target for future studies \[[@CR38], [@CR110]\].
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